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In aquatic ecosystems, the factors that regulate the dominance of toxin-producing cyanobacteria over
non-toxin-producing strains of the same species are largely unknown. One possible hypothesis is that limiting
resources lead to the dominance of the latter because of the metabolic costs associated with toxin production.
In this study, we tested the effect of light intensity on the performance of a microcystin-producing strain of
Microcystis aeruginosa (UTCC 300) when grown in mixed cultures with non-microcystin-producing strains with
similar intrinsic growth rates (UTCC 632 and UTCC 633). The endpoints measured included culture growth
rates, microcystin concentrations and composition, and mcyD gene copy numbers determined using quanti-
tative PCR (Q-PCR). In contrast to the predicted results, under conditions of low light intensity (20
pmol - m~2 - s7'), the toxigenic strain became dominant in both of the mixed cultures based on gene copy
numbers and microcystin concentrations. When grown under conditions of high light intensity (80
pmol - m~2 - s71), the toxigenic strain still appeared to dominate over nontoxigenic strain UTCC 632 but less
so over strain UTCC 633. Microcystins may not be so costly to produce that toxigenic cyanobacteria are at a

disadvantage in competition for limiting resources.

Competition for common resources is an important mecha-
nism structuring biological communities, particularly algal
communities (28). Cyanobacteria appear to outcompete other
algal taxa during eutrophication of freshwater ecosystems,
leading in extreme cases to visible surface accumulations or
blooms posing a risk to human health (7, 21, 26a). This shift
toward cyanobacterial dominance can be explained by the
unique ability of some species to fix nitrogen and to regulate
their position in the water column via gas vacuoles (providing
an advantage in capturing light and nutrients) as well as a
variety of defense mechanisms. The latter may be based on
morphological traits that counter grazing losses (22) or the
production of secondary metabolites such as cyanotoxins that
may also suppress the growth of other algal species (2).

While variations in a number of abiotic and biotic factors
(e.g., nutrients, grazer abundance, and population composi-
tion) may affect the outcome of algal competition, light in
particular is a critical resource for all algal species in the
aquatic environment and can be the key factor in determining
which species become dominant. Huisman et al. (13) examined
competition between various algal taxa for light in mixed-
culture experiments and found that the species that maintained
the lowest level of critical light intensity (the point at which the
culture is so dense that not enough light is available for net
growth) were superior competitors regardless of their maxi-
mum growth rates (13).

In the case of cyanobacterial blooms, toxigenic species often
dominate cyanobacterial blooms, with estimates suggesting
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that more than 50% of cyanobacterial blooms typically pro-
duce cyanotoxins (e.g., 10). Usually, by the time a bloom de-
velops, nutrient resources are quickly used up and increased
cell densities lead to reduced light availability. This change in
the light regimen may affect the outcome of competition be-
tween cyanobacterial species and strains. Several studies have
suggested that nontoxigenic strains tend to dominate later in
the summer (see, e.g., references 4, 14, and 17), presumably
when light and nutrient resources are more limiting. However,
other studies have indicated more stable coexistence of toxi-
genic and nontoxigenic strains (e.g., 18, 25). The toxicity of
cyanobacterial blooms can be difficult to predict, as the factors
controlling bloom formation and toxin production may be en-
tirely independent (23).

While there have been several examples of mixed-culture
experiments using cyanobacteria and other algae, few studies
have grown toxigenic and nontoxigenic cyanobacterial strains
simultaneously (5, 16). The difficulty with such experiments is
that toxigenic and nontoxigenic strains cannot be separated
morphologically using traditional microscopy or flow cytom-
etry techniques. However, the development of specific molec-
ular probes can overcome this challenge. Kardinaal et al.
determined the outcome of competition between two micro-
cystin-producing and two non-microcystin-producing strains
of the cyanobacterium Microcystis aeruginosa in light-limited
chemostats (16). The population dynamics of the four
strains was measured using both light absorbance spectra
and molecular techniques, including denaturing gradient gel
electrophoresis (DGGE) of the internal transcribed spacer
(ITS) region gene. In all experiments, the toxigenic strain
lost the competition for light and was completely replaced
by the nontoxigenic strain within approximately 2 weeks.
The nontoxigenic strains were therefore considered better
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competitors for light than the toxigenic strains, presumably
because of the energy costs of producing toxins, although
the limitations of using a small number of strains to gener-
alize was acknowledged (16).

In contrast to these results, a separate line of evidence has
suggested that microcystins may actually play a role in light
adaptation processes (11, 15) and their physical association
with photosynthetic membranes supports this hypothesis (33).
If this hypothesis were correct, the prediction would then be
that toxigenic strains would dominate over nontoxigenic strains
when grown under light-limiting conditions. This was demon-
strated in another competition experiment using microcystin-
producing and non-microcystin-producing strains of the fila-
mentous cyanobacterium Planktothrix agardhii (5). Under
growth-limiting conditions of low temperature and light, Bri-
and et al. found that the microcystin-producing strains of P.
agardhii grew better (exhibited greater fitness) than non-mi-
crocystin-producing strains in mixed batch cultures (5). The
reverse occurred under non-growth-limiting conditions (5).

Given these contrasting results, we examined the growth of
a toxigenic strain of Microcystis aeruginosa in competition for
light with nontoxigenic strains. Here, the toxigenic genotype
was distinguished from nontoxigenic genotypes by quantitative
PCR (Q-PCR) using primers for the 3-ketoacyl synthase (KS)
portion of the mcyD gene (mcyDys) of the microcystin synthe-
tase gene complex (9). Whereas many competition experi-
ments have utilized continuous or semicontinuous cultures
(see, e.g., references 13, 16, and 31), others have used batch
cultures (see, e.g., references 5, 20, and 32). Batch cultures
were chosen here, as they exhibit growth dynamics that are
similar to those observed during algal blooms (8, 20).

MATERIALS AND METHODS

Cyanobacterial strains and culture conditions. Three strains of Microcystis
aeruginosa were obtained from the University of Toronto Culture Collection
(UTCC; now the Canadian Phycological Culture Centre [CPCC]): the microcys-
tin-producing UTCC 300 strain and the non-microcystin-producing strains
UTCC 632 and UTCC 633. UTCC 300 was chosen as it has a simple microcystin
congener profile, producing only two microcystin congeners, microcystin-LR and
[Dha7]desmethylmicrocystin-LR, and because, among the toxigenic strains
tested, its growth rate was the most similar to those of UTCC 632 and UTCC
633. UTCC 632 and 633 both showed no evidence of microcystin production, as
confirmed by both chemical and molecular analyses. All strains grew as single-
cell populations, even though Microcystis aeruginosa normally grows in large
colonies in nature. All strains contained phycocyanin as the dominant phycobili-
protein photosynthetic accessory pigment, and none contained phycoerythrin.
All cultures were grown under axenic conditions, to the degree possible for
cyanobacteria, in 500-ml Erlenmeyer flasks containing 250 ml of BG-11 growth
medium (Sigma C3061) (27) in a Conviron growth chamber, initially under
conditions of light intensity of 60 pmol - m~2 - s~ ! and a 12-h day-night cycle at
25°C. Before the start of the experiment, strains were transferred in replicate
aliquots to fresh BG-11 growth medium and allowed to acclimate for at least 1
week at two different light levels (20 pmol - m™2 - s 'and 80 wmol - m~2 - s™1)
on a 12-h day-night cycle at 25°C.

Mixed-culture experiments. On day 0 of the experiment, the cell densities of
all three strains were determined using flow cytometry. With cell densities cal-
culated, five cultures were initiated in fresh growth medium for growth under
conditions of both low and high light intensity. Strains UTCC 300, 632, and 633
were each grown as single cultures, along with a mixed culture of UTCC 300 plus
632 and a mixed culture of UTCC 300 plus 633. Each mixed culture was estab-
lished by adding the same cell density (1 X 10° cells - mI™!) of each individual
culture to a flask containing new growth medium so that both strains would start
with the same number of cells. Three replicate experiments for each type of
culture were performed under both sets of light intensity conditions. The cultures
were aseptically subsampled over 14 days, as the exponential phase had ended for
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all by day 12. The three main variables measured were (i) growth rate, (ii)
microcystin concentration, and (iii) mcyD gene copy number (for determinations
of the proportion of toxigenic cells in the mixed cultures, assuming one copy of
mcyD per genome).

Growth rate measurements. The growth of each strain was monitored by
measuring both optical density (OD) and cell density. The OD at 750 nm was
measured daily using a Pye-Unicam spectrophotometer (27). OD was plotted
versus time to obtain the growth curve for each replicate of each Microcystis
strain, and the growth rate of each strain was estimated from the slope calculated
for the exponential-growth phase. Growth was also measured by preserving a
subsample of culture every second day in 10% paraformaldehyde and subse-
quently counting cells using flow cytometry (Beckman Coulter FC500) based on
the fluorescence of phycocyanin (FL4 channel). A solution of 20 pl of YG
(yellow-green) fluorescent 1-um beads (Polysciences 18660 Fluoresbrite YG
microspheres) (calibration grade; 1.00-wm diameter) was added to a 2-ml sub-
sample of each replicate to achieve a final bead concentration of 1 X 10°
beads - ml~'. Cell concentrations were calculated by adding the ratio of gated
beads per known concentration of beads to the ratio of gated cells per unknown
concentration of cells. Cell density was plotted versus time to obtain a growth
curve, and the growth rate was calculated from the slope of the exponential-
growth phase (27).

Microcystin analysis. Microcystin analysis was carried out on days 2, 6, 10, and
14. For microcystin analysis, 20 ml of each strain was filtered onto a preashed
(500°C for 2 h), preweighed Whatman GF/C filter (catalog no. 1822-047). Levels
of dissolved microcystin concentrations were not significant compared to those of
the particulate microcystins in any of the cultures (<5% of total). Filters were
oven-dried overnight at 60°C, reweighed to determine net dry biomass, and
frozen at —20°C for subsequent analysis. Before extraction of microcystins,
distilled water was added to all filters and they were refrozen at —20°C. This
freeze-thaw cycle ensures a more efficient extraction of the toxins (1). Microcys-
tins were extracted using an accelerated solvent extractor (ASE) and 75% meth-
anol under conditions of high temperature and pressure to burst the cells and
elute the microcystins (1). Each filter was spiked with 50 wl of nodularin (catalog
no. ALX 350-061-C250; Alexis Biochemicals) (10 ppm) as an internal standard
to calculate percent recovery for each sample. In most cases, more than 90%
recovery of nodularin was achieved.

Microcystin extracts were analyzed using high-performance liquid chromatog-
raphy (HPLC) with photodiode array (PDA) detection (Agilent Technologies
1100 series) and microcystin-LR, -YR, -RR, and -LA (Sigma M2912, M4069,
M1537, and M4194) as routine standards. Standard curves were created for each
congener by the use of concentrations of 0.05, 0.1, 0.5, 1, 2.5, 5, and 10 ppm.
HPLC analysis was conducted using a Zorbax SB-C18 column (150 by 3 by 5
pm). A two-step mobile phase, consisting of 0.05% (vol/vol) trifluoroacetic acid
(TFA) in water and 0.05% (vol/vol) TFA in acetonitrile, was used. The absor-
bance spectrum between 200 and 300 nm of each extract was examined for the
presence of a peak at 238 nm, a value characteristic of microcystins. Microcystin
concentrations were calculated by comparing the peak area from each sample to
the standard curves. Concentrations were then adjusted to account for percent
recovery of the nodularin standard.

DNA extraction. Molecular techniques were used to differentiate strains of
Microcystis aeruginosa with the mcyD gene from those without the gene. A
subsample of 10 to 20 ml of each of culture was filtered with a Millipore
0.22-pum-pore-size membrane filter on days 2, 6, 10, and 14 and immediately
placed in a 50-ml Falcon tube and frozen at —20°C pending subsequent analysis.
DNA was extracted from each sample by a procedure adapted from Hisbergues
et al. (12). Each filter was thawed and then subjected to the following processes:
an initial 1-h incubation with 5 mg of lysozyme ml~! in TES buffer (50 mM
Tris-HCI [pH 8], 100 mM EDTA [pH 8], 25% sucrose) at 37°C, with gentle
mixing on a Roto-Torque rotator (Cole-Parmer, Anjou, Canada); a second 1-h
incubation at 37°C, after the addition of proteinase K (150 p.g ml™'); and a third
incubation (2 h) at 50°C in a water bath, with sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS) (2%) followed by a series of chloroform-isoamyl
alcohol (24:1) and phenol-chloroform-isoamyl alcohol (25:24:1) extractions.
DNA was also treated with RNase A at a final concentration of 100 ng pl™ !,
precipitated overnight in cold propan-2-ol, and subsequently spun down and
reconstituted in TE buffer (10 mM Tris-Cl, 1 mM EDTA [pH 8]). DNA was
stored at —20°C until further analysis.

Quantitative PCR. Prior to Q-PCR analyses, all DNA extracts were quantified
using a Quanti-T PicoGreen double-stranded DNA (dsDNA) assay kit from
Invitrogen (Burlington, Ontario, Canada) and a Safire microplate detection
system (Tecan, Mannedorf, Switzerland). DNA samples were then diluted with
deionized water to a concentration of 10 ng - pul~* (10°). All samples were then
requantified using the same PicoGreen method to confirm the final concentra-
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TABLE 1. Growth rates of Microcystis aeruginosa strains

Cultured Light intensity (mean = SD) (n = 3)®

Microcystis

aeruginosa Low (20 pmol - m~2 - s~ 1) High (80 wmol - m™2 - s 1)

UuTCC

strain(s)* OD CD OD CD

300 0.045 = 0.005 0372 £0.019  0.074 = 0.004  0.376 = 0.015
632 0.041 = 0.009 0374 £0.010  0.052 = 0.002  0.331 = 0.008
633 0.030 = 0.003  0.392 = 0.004  0.040 = 0.002  0.225 = 0.013
300 + 632 0.053 £0.005 0328 £0.006 0.065 = 0.003 0.306 = 0.004
300 + 633 0.053 =0.004 0.329 =0.003  0.055 *=0.002 0.259 = 0.004

¢ Strain UTCC 300 is a microcystin producer; strains UTCC 632 and UTCC
633 do not produce microcystins.

> Results represent growth rates (day™') of Microcystis aeruginosa strains
grown individually and in mixed batch cultures as calculated by changes in optical
density (OD) or total cell density (CD).

tion of DNA in the dilution. The 10° dilution was then further diluted to 10~ %,
1072, and 1073,

For Q-PCR analysis, three dilutions for each sample were processed in dupli-
cate on a RotorGene 6000 Q-PCR cycler (Corbett Research, Mortlake, New
South Wales, Australia). The primers used were based on the B-ketoacyl syn-
thase (KS) portion of the mcyD gene (9). A Quantitect SYBR green PCR kit
(Qiagen) and several reagents, including Rnase-free water (Qiagen, Mississauga,
Canada), MgCl, (4 mM), an mcyDyg forward primer (20 pM), and an mcyDyg
reverse primer (20 wM) in a total reaction volume of 20 wl (which included 5 pl
of the 10°, 107!, 1072, or 10™3 DNA dilution), were used for Q-PCR. Positive
and negative controls were included in every Q-PCR run: a standard curve was
created using a plasmid from the toxigenic strain of Microcystis aeruginosa UTCC
299 at a concentration of 10~° and used as a positive control, and the nontoxi-
genic strain UTCC 632 and 5 mM Tris-Cl were used as the negative controls.
Q-PCR conditions were as follows: (i) preheating at 95°C for 10 min and (ii) 45
cycles of 95°C for 10 s, 58°C for 15 s, and 72°C for 20 s.

In order to determine the number of mcyD gene copies per milliliter of culture,
the number of gene copies detected via Q-PCR was adjusted based on the total
quantity of DNA extracted for each sample. The number of mcyD gene copies
detected was first divided by the quantity of DNA processed in each reaction
(approximately 10 ng - pl™') to determine the number of gene copies per nano-
gram of DNA. This value was then multiplied by the total quantity of DNA
extracted to get the number of mcyD copies per total DNA quantity. That
number was divided by the value representing the volume of water filtered for a
given sample, and the number of mcyD gene copes per milliliter of water was
obtained.

Statistical analysis. One-way analysis of variance (ANOVA) determinations
were carried out to determine the effect of light intensity on (i) the growth of
each strain of Microcystis, (ii) the growth of all strains under a given light
intensity, (iii) microcystin concentration differences among and between cul-
tures, and (iv) the number of mcyDyg gene copies (determined for days 2, 6, 10,
and 14) for each culture under conditions of both low and high light intensity. In
all statistical analyses, the assumptions of normality, homoscedasticity, and in-
dependence were verified using the residuals from each analysis. All statistics
were carried out using SYSTAT software (version 11.0; SYSTAT Software, San
Jose, CA).

RESULTS

Growth rates. The growth rate of the toxigenic UTCC 300
strain under conditions of low light intensity was not signifi-
cantly (P > 0.05) different from that seen under conditions of
high light intensity (Table 1) when growth was measured ac-
cording to changes in cell density. However, when changes in
optical density were examined, UTCC 300 grew significantly
(P < 0.001) faster under conditions of high light intensity. This
was consistent with measurements of dry-weight changes
through time, which showed a higher yield under conditions of
high light intensity, suggesting an increase in cell size between
light treatments. Both nontoxigenic strains had higher growth
rates under conditions of low light intensity when growth rates
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were calculated from changes in cell density (P < 0.05); how-
ever, calculations of growth rates on the basis of changes in
optical density showed that both nontoxigenic strains had
higher growth rates when grown under conditions of high light
intensity (for UTCC 632, P < 0.05; for UTCC 633, P < 0.01).

When the growth rates of the unialgal cultures were com-
pared, regardless of whether the comparisons were based on
cell density or optical density (Table 1), there were no signif-
icant differences between UTCC 300, UTCC 632, and UTCC
633 under conditions of low light intensity (P > 0.05). How-
ever, under conditions of high light intensity, there was a sig-
nificant difference, with UTCC 300 having the highest growth
rate, followed by UTCC 632 and UTCC 633 (P < 0.05). With
respect to the mixed culture of UTCC 300 plus 632 and the
mixed culture of UTCC 300 plus 633, both had higher overall
growth rates under conditions of low light intensity compared
with high light intensity (P < 0.05) when growth rates were
calculated using cell density values. When changes in optical
density were used for the calculations, as with the unialgal
cultures, the growth rate of the mixed culture of UTCC 300
plus 632 was higher under conditions of high light intensity
(P < 0.05), as was the yield in biomass. For the mixed culture
of UTCC 300 plus 633, however, when optical density values
were used for the calculations, there was no significant differ-
ence between low and high light intensities with respect to
growth rates (P > 0.05).

Microcystin analysis. For UTCC 300 and the mixed culture
of UTCC 300 plus 632, there were no significant differences
between conditions of high and low light intensity in terms of
total microcystin quantities (Fig. 1). For the mixed culture of
UTCC 300 plus 633, the total microcystin content was slightly
higher under conditions of low light intensity than of high light
intensity (P < 0.01).

Total microcystin numbers were also compared between cul-
tures grown under the two sets of light intensity conditions.
Under conditions of high light intensity, UTCC 300 produced
more microcystin than the mixed cultures of UTCC 300 plus
632 and UTCC 300 plus 633 (P < 0.001), but the mixed cul-
tures produced well over half the quantity of microcystins
found in the monoculture. When cultures were grown under
conditions of low light intensity, UTCC 300 again produced
significantly more microcystin (P < 0.05) but the mixed cul-
tures produced either close to 50% as much as or less than
(UTCC 633) the level produced by the monoculture.

Q-PCR analysis. Under conditions of low light intensity, the
number of mcyD copies per milliliter increased over time in the
UTCC 300 culture, the mixed culture of UTCC 300 plus 632,
and the mixed culture of UTCC 300 plus 633 (Fig. 2A). Under
conditions of low light intensity, however, there were no sig-
nificant differences in the numbers of mcyD copies per millili-
ter produced by the three different cultures on any of the 4
days on which they were sampled (days 2, 6, 10, and 14; P >
0.05). This suggests that there were similar numbers of toxi-
genic UTCC 300 cells in each of these cultures throughout the
experiment. Under conditions of high light intensity on day 2
(Fig. 2B), there were no significant differences between the
three cultures in the number of copies of mcyD (P > 0.05). By
day 6, however, there were significant differences between the
three cultures (P < 0.01), with UTCC 300 having the highest
copy number followed by the mixed culture of UTCC 300 plus
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FIG. 1. Total microcystin content of the toxigenic strain alone (UTCC 300) and of mixed cultures that included nontoxigenic strains (UTCC
300 plus 632 and UTCC 300 plus 633) (data represent micrograms per gram of dry weight = standard errors [SE]; n = 3) in early stationary phase

under growth conditions of low versus high light intensity.

632 and the mixed culture of UTCC 300 plus 633. This trend
continued under conditions of high light intensity through days
10 and 14. Under conditions of high light intensity (Fig. 2B)
there appeared to be fewer mcyDyq copies per milliliter for all
three cultures at day 14 than were detected under conditions of
low light intensity, and yet overall cell counts indicated that
there were higher cell densities under conditions of high versus
low light intensity.

The proportion of toxigenic cells in each mixed culture was
determined by dividing the number of mcyD copies per milli-
liter determined for each of the mixed cultures by the number
of mcyD copies per milliliter determined for the monoculture
of UTCC 300 on a given sampling day. For the toxigenic strain,
all cells (i.e., 100%) should have been toxigenic genotypes,
regardless of the stage of batch growth. Under conditions of
low light intensity, the level of mcyD in the mixed cultures was
>60% on days 6, 10, and 14 (Fig. 3). Under conditions of high
light intensity, the mcyD level in the mixed culture of UTCC
300 plus 632 was also 50% or more of the level seen with
UTCC 300, with the percentage appearing to increase with
time. However, the mcyD level in the mixed culture of UTCC
300 plus 633 was less than 40% of the UTCC 300 level.

These results suggest that growth of the toxigenic UTCC 300
strain was dominating that of both nontoxigenic strains under
conditions of low light intensity, whereas growth of the non-
toxigenic UTCC 633 strain under conditions of high light in-
tensity dominated that of UTCC 300. However, the results
should also be examined with respect to changes in cell density:
under conditions of low light intensity, there was a significant
linear relationship between the number of mcyD copies per
milliliter and cell density in the UTCC 300 monoculture, the
mixed culture of 300 plus 632, and the mixed culture of 300
plus 633 (P < 0.05) (data not shown). Under conditions of high
light intensity, however, whereas mcyD gene copy numbers
were increasing over time in the UTCC 300 culture and in the

mixed culture of UTCC 300 plus 632, there appeared to be a
flatter relationship between gene copy number and elapsed
time for the mixed culture of UTCC 300 plus 633 (Fig. 2B); the
results obtained by plotting mcyD copies per milliliter versus
cell density showed the same trend. Under conditions of high
light intensity, the slopes of the regression equations of cell
density versus mcyD copy number for the UTCC 300 culture
and the mixed culture of UTCC 300 plus 632 were very similar
(0.23 compared with 0.24); however, the slope of the regression
for the mixed culture of UTCC 300 plus 633 was flat (0.02).
This indicates that growth of UTCC 300 was not increasing
over time in the mixed culture of UTCC 300 plus 633 under
conditions of high light intensity, and UTCC 633 appeared to
outcompete UTCC 300 based on the lack of increase in mcyD
gene copy numbers as time passed and cell density increased.
Another way of expressing the results is to calculate the gene
copy number per Microcystis cell (regardless of the strain)
under the two sets of light treatment conditions. Under con-
ditions of low light intensity during the exponential phase of
growth (around day 10), the mixed cultures had per cell gene
copy numbers of 2.0 (for the mixed culture of UTCC 300 plus
632) and 0.865 (for the mixed culture of UTCC 300 plus 633)
compared to 1.50 for the monoculture.

DISCUSSION

In aquatic environments, there are two main factors that can
affect light quality and quantity: the depth of the mixed layer
(the epilimnion) and its turbidity. Turbidity increases as bio-
mass increases and thus may favor those organisms adapted to
lower light intensities (26). In this study, not only was light
manipulated by growing the cultures at two different light in-
tensities, but light resources became reduced over time as
biomass increased within each batch culture. In this study,
there were no significant differences in terms of the intrinsic
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FIG. 2. mcyDgg gene copy numbers per milliliter (=SE; n = 3) over time (in days) for Microcystis aeruginosa UTCC 300 cultures and mixed
cultures of UTCC 300 plus 632 and UTCC 300 plus 633 grown under conditions of low (A) and high (B) light intensity.

growth rates of the three strains of Microcystis aeruginosa un-
der conditions of low light intensity (Table 1). Therefore, in
theory, if no one strain had a particular growth advantage, the
expected result in a mixed-culture experiment would be a 50/50
mix of any two strains. Yet, under conditions of low light
intensity, the number of mcyD copies in the mixed cultures was
greater than 50% of the number of mcyD copies of the toxi-
genic monoculture (UTCC 300) on all the days of batch growth
tested (Fig. 2 and 3). This suggests that the toxigenic strain was
the superior competitor for light. In contrast, although UTCC
300 had a much higher intrinsic growth rate than UTCC 632 or
UTCC 633 under conditions of high light intensity (Table 1),
the latter nontoxigenic strain ended up dominating the toxi-
genic UTCC 300 in the mixed cultures (Fig. 3).

Further evidence that the toxigenic strain most likely out-
competed the nontoxigenic strains under conditions of low
light intensity comes from the chemical analyses of the total
microcystin: the mixed cultures under conditions of low light
intensity contained significantly more than half of the total
microcystin numbers determined for the monocultures of
the toxigenic strain under the same conditions (Fig. 1).
Interestingly, while the mixed culture with UTCC 633
showed higher microcystin numbers than the other mixed
culture (with UTCC 632) under conditions of low light in-
tensity, the converse was true for the mcyD gene copy num-
bers (Fig. 2). However, the two variables are not the same:
microcystins have a tendency to persist long after popula-
tions have begun to senesce and DNA is no longer func-
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FIG. 3. Percentages of mcyDyg copies relative to a pure culture of
UTCC 300 for the mixed cultures of UTCC 300 plus 632 and UTCC
300 plus 633 grown under conditions of low and high light intensity.

tional (19). It is possible that cell death dynamics were
different in the two cultures.

Previous studies have suggested that microcystins may play a
role in light adaptation processes (11, 15). In this study, there
was no significant increase in microcystin production at low
light intensity that might indicate that the toxigenic strain was
increasing microcystin production to facilitate acclimation to
low light. For this toxigenic strain of Microcystis aeruginosa,
there was no significant difference between conditions of high
and low light intensity in terms of microcystin content; this is
consistent with the similar intrinsic growth rates associated
with the two light levels, although biomass volume was higher
under conditions of high light intensity. Therefore, production
of microcystins per se does not appear to be a driving factor in
explaining the dominance of UTCC 300 under conditions of
low light intensity. Compared to other toxigenic strains de-
scribed, including those used in competition experiments (see,
e.g., references 5, 16, and 31), UTCC 300 has a relatively high
microcystin cell content (274 to 300 fg - cell ") such that the
cost of the investment in microcystin production should, at
least in theory, be substantial. Two of the main microcystin
congeners (microcystin-LR and [Dha7]desmethylmicrocystin-
LR) were detected, and the relative proportions of these con-
geners did not differ under the two sets of light intensity con-
ditions or between the mixed cultures. This is in contrast to the
significant shift in microcystin congener composition as a func-
tion of increasing light intensity observed in a study of Plank-
tothrix agardhii (29).

Overall, the results of this study are in contrast to those of
another mixed culture study with Microcystis aeruginosa (16)
but are consistent with those of a study examining another
microcystin-producing cyanobacterium, Planktothrix agardhii
(5). In the first study, Kardinaal et al. examined how compe-
tition for light would affect the dominance of toxigenic or
nontoxigenic strains of Microcystis aeruginosa. In the two cases
examined, the toxigenic strains lost to the nontoxigenic strains
in the competition for light and the toxigenic strain was com-
pletely replaced by the nontoxigenic strain within approxi-
mately 2 weeks. Even when the toxigenic strain was given a
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significant advantage in terms of the numbers of cells at the
start of the experiment, the nontoxigenic strain still grew to
dominate. However, one of the pairs of strains examined was a
toxigenic strain that included the photosynthetic accessory pig-
ment phycoerythin (PE), whereas the nontoxigenic strain did
not have PE, and this difference might explain the dominance
of the former over the latter under conditions of low light
intensity (16).

In contrast, in the present study, only when light resources
were greater did both nontoxigenic strains fare better than the
toxigenic strain. This is in agreement with the results of a study
by Briand et al. (5), who found that under growth-limiting
conditions the microcystin-producing strains of Planktothrix
aghardii exhibited greater fitness than non-microcystin-produc-
ing strains and concluded that, while microcystin production
may involve high energy costs for toxigenic cells, the benefits of
producing microcystins under growth-limiting conditions, for
whatever purpose, outweighed the cost (5).

Conclusion. These results do not support the hypotheses
that (i) microcystins are agents of acclimation or adaptation to
low light and that (ii) microcystins are costly to produce and a
hindrance in competition for limiting resources. Microcystins
may in fact provide some (as yet unknown) advantage negating
any extra metabolic cost. However, few studies of this type that
included both toxigenic and nontoxigenic cyanobacteria have
been conducted, and other types of limiting resources, as well
as other species and strains of cyanobacteria, need to be con-
sidered. It should be noted also that in this and other studies,
it is assumed that the genome copy number per cell is not
changing; however, cyanobacteria have been known to exhibit
changes in those numbers (3). Furthermore, other traits may
be more important in determining why one strain has a com-
petitive advantage over another. Cyanobacteria produce a
wide range of other peptide-like compounds (see, e.g., refer-
ences 24 and 30) whose involvement in competitive interac-
tions could be as significant as that of the microcystins.
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